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Abstract: Free piston linear generator (FPLG) shows unique operation characteristics due to the 8 
elimination of crankshaft and connecting rod mechanism. This paper investigates its operation 9 
characteristics during each operating process based on the simulation and experiment results. During 10 
the starting process, the larger motor force during the starting process, the fewer times of 11 
reciprocating pistons which meet the condition of ignition. When the motor force reached 300 N, the 12 
prototype could adopt one-stroke starting strategy. During the intermediate process, it was found that 13 
the “gradually switching strategy” could help to achieve a smoother operation during the 14 
intermediate process. And the values of the operation parameters after the intermediate process were 15 
lower than those before the intermediate process. During the generating process, cycle-to-cycle 16 
variations were observed for piston TDC and in-cylinder gas pressure from the experimental results. 17 
According to the experimental results of the FPLG during the generating process, the calculated 18 
engine indicated power is 2.9 kW, and the corresponding indicated thermal efficiency is 37.3%. 19 
Additionally, based on the comparison of the FPLG performance, it is found that the parameters of 20 
the FPLG during the generating process are smaller than those when it was operated during the 21 
second stage of the starting process, while much higher than those during the first stage of the 22 
starting process.    23 
Keywords: Free-piston linear generator; the operation process; piston dynamics; FPLG performance    24 
1. Introduction 25 
 The free-piston linear generator (FPLG), as a new energy conversion appliance, is a 26 
combination of free-piston engines and a linear electric machine (LEM) [1-5]. The general working 27 
principle of the FPLG is that the high-temperature and high-pressure gas are generated during the 28 
heat release process in the cylinder, then the gas drives the piston and connecting rod to reciprocate, 29 
and the LEM converts parts of the mechanical energy into electricity [6]. Compared with the 30 
traditional reciprocating engine (TRE), the FPLG is a kind of crankless engine. As a result it shows 31 
various potential advantages, such as variable compression ratios, short energy convertion chains, 32 
multi fuel feasibility, and simplified structure since the crankshaft mechanism is eliminated [7-9]. 33 
Therefore, the global researchers have strong interest in the FPLG.    34 
The concept of the free-piston engine was first proposed by Pescara as a patent in 1928 [10]. 35 
After that, there were a few representative products, such as the free piston compressor and free 36 
piston gasifier [11]. However, research on the free-piston engine progressed slowly because of the 37 
limited technological conditions at that time [1, 4, 9]. Nowadays, with the rapid development of 38 
technology in recent years, many research institutes have begun to study the free-piston engine again, 39 
and the free-piston engine development progressed fast.    40 
The research group from West Virginia University have researched on FPLG since 1995. They 41 
conducted numerical simulation for the operation process, and studied the influences of different 42 
parameters on the system characteristics [12-17]. And the prototype consisted of two two-stroke 43 
free-piston engines. Results indicated that without external load, the operation frequency of the 44 
prototype was 1457 rad/min, and the piston motion profile was similar to the sinusoidal state. When 45 
the prototype was loaded, its operation frequency was 1361 rad/min, and the maximum output power 46 
was 316 W. However, the prototype generation efficiency was low, and the machine could not 47 
operate continuously.    48 
The research group from the Sandia National Laboratory (SNL) designed a FPLG prototype 49 
from 2000 [18-19]. The prototype showed high efficiency, low emission and was able to operate on a 50 
variety of hydrogen-containing fuels. The FPLG employed a homogeneous charge compression 51 
ignition (HCCI) mode, and the thermodynamic cycle achieved was close to the Otto cycle. The 52 
research group from Czech Technical University developed two FPLG prototypes in 2003 and 2007 53 
respectively [20-23]. Experiment results indicated that the operation frequency of the first prototype 54 
was 27 Hz, and the maximum output power was 650 W. However, the systematic generation 55 
efficiency was less than 10%.    56 
In 2002, the EU Energy Commission started the Free Piston Energy Converter (FPEC) program 57 
[24-25], aiming to apply the HCCI method on the FPEC. They conducted coupling numerical 58 
simulation of the operation process of the FPEC [26]. Results suggest that the fuel with low octane 59 
number needs high compression ratio, and the high compression ratio will increase the operation 60 
frequency, output power and efficiency of the FPEC. And they designed a prototype with an output 61 
power of 25 kW, and power intensity larger than 0.6 kW/kg, which was expected to meet the 62 
European V discharge standard. However, most of the parameters and engine operation 63 
characteristics were simulation results, and very few experiment data were reported.    64 
The research group at Newcastle University began the investigation of the FPLG from 2005 65 
[27-33]. Numerical modelling was conducted to study the characteristics of the internal combustion 66 
engine of the FPLG, piston dynamics, and the controlling system. Simulation results suggested that 67 
the FPLG operation frequency was 30 Hz, the output power was 44.4 kW, and its efficiency was up 68 
to 42%. Compared with the TRE, FPLG showed higher efficiency and lower gas temperature, so as 69 
to reduce the NOx emission. Besides that, it was found that the FPLG was very sensitive to load, and 70 
the system was easy to reach satisfactory results by using simple controlling strategy. However, most 71 
of their work was reported on the numerical simulation analysis.   72 
Researchers from Nanjing University of Science and Technology did research on a single-piston 73 
free-piston engine linear generator [34-35]. They designed a prototype and the experiment results 74 
indicated that the output power was 2.2 kW and the heat efficiency reached 32%. They designed the 75 
controller of stratification of single-piston free-piston linear generator. Its main concept was to 76 
modify the piston motion through controlling the electronic magnets so as to ensure that the 77 
prototype was able to operate consecutively.   78 
Researchers at the Beijing Institute of Technology have been studying the FPLG since 2006, 79 
and several prototypes have been designed [1, 6-8, 36-41]. They conducted zero-numerical 80 
simulation of FPLG and predicted the operation frequency of the FPLG, and the dynamics of the 81 
piston. They have analyzed the influence of main parameters of the scavenging system on the 82 
scavenging efficiency, and the influence of piston motion on the engine combustion process. 83 
Experimental results suggested that the peak in-cylinder gas pressure was above 40 bar for the first 84 
prototype, and the operation frequency was 30 Hz. The second prototype of the FPLG could operate 85 
stably during the starting process from the papers. Experimental results showed that during the 86 
starting process, the peak in-cylinder pressure and compression ratio increased in a non-linear 87 
manner and tended to reach a stable state after several operation cycles. After successfully ignition, 88 
the peak piston velocity increased significantly to approximately 4.0 m/s.    89 
The FPLG prototype developed by researchers at Toyota Central R&D Labs Inc. consisted of a 90 
two-stroke combustion chamber, a linear generator, and a gas spring chamber [42-43]. Experimental 91 
results showed that the prototype operated stably for quite a long period of time, despite of the 92 
abnormal combustion during the test. And the researchers have analyzed the unique piston motion, 93 
which poses its effects on combustion and power generation in the FPLG.    94 
From the discussion above, it is found that researchers from all over the world mainly focused 95 
on the simulation of the piston dynamics and the FPLG performances during the generating process, 96 
the experimental investigation of the FPLG during the starting process [6]. Very few studies have 97 
been reported on the operation characteristics of the FPLG during the operation process, including 98 
the starting process, the intermediate process (from the engine cold start-up to stable operation 99 
process) and the generating process. Therefore, in this paper, the operation characteristics of the 100 
FPLG during each operation process will be investigated based on both simulation and experimental 101 
results. As for the starting process, the influences of different motor forces on the FPLG were 102 
analyzed. In terms of the intermediate process, the influences of different switching strategies on the 103 
FPLG were compared. And during the generating process, the piston dynamics and the FPLG 104 
characteristics were investigated. This study provides a useful guidance for the design and control of 105 
the operation process of the FPLG, especially research on the experiment investigation of the FPLG.   106 
2. Fundamentals of the FPLG system 107 
2.1 FPLG prototype configuration 108 
From the literatures, it is observed that the FPLG can be generally divided into three types 109 
according to the differences in the number of free-pistons and distribution patterns: namely the 110 
single-piston single-cylinder type, the dual-piston dual-cylinder type, and the opposed dual-piston 111 
single-cylinder type [6]. Compared to the other two kinds of types, the dual-piston and dual-cylinder 112 
type are widely used due to its advantages over the relatively comprehensive performance, i.e. the 113 
high power to weight ratio and elimination of rebound device, compact size [4]. Therefore, a 114 
dual-piston dual-cylinder type FPLG is adopted in this research. The main structure of the designed 115 
FPLG is shown in Figure 1. And the FPLG prototype is demonstrated in Figure 2. This prototype 116 
employs a dual piston, two-stroke, spark-ignited, engine with uniflow scavenging process. And the 117 
prototype is including the LEM system, the air-intake system, the fuel injection system, the ignition 118 
system, the controlling system and test system [8, 44-46]. The specifications of the prototype are 119 
summarized in Table 1.   120 
2.2 FPLG prototype operation principle 121 
Based on the working principle of the FPLG, the operation process is divided into three 122 
processes: the starting process, the intermediate process from start-up to stable operation, and the 123 
stable generating process. The three processes are illustrated in Figure 3. The first process is the 124 
starting process during which the LEM runs as a motor supplying constant force to the piston and 125 
connecting rod, and the force in the same direction with piston velocity. The starting process involves 126 
two stages. In the first stage, the motor drives the piston and connecting rod oscillates until it reaches 127 
the required conditions for ignition. During the second stage, the mixed gas in the cylinder 128 
combusted alternatively until it stabilized under the condition that the LEM also runs as a motor. The 129 
second process was the intermediate process from start-up to stable operation. Once the engine 130 
starting process is completed, the LEM will be switched to generator mode during the intermediate 131 
process. The third process was the stable generating process during which the LEM ran as a 132 
generator. The mixed gas in cylinder combusted alternatively to drive the piston and connecting rod 133 
to reciprocate, and the LEM converts parts of the kinetic energy into electricity [6].    134 
2.3. FPLG prototype control strategy 135 
From the discussion above, it is found that the prototype including the LEM system, the 136 
air-intake system, the fuel injection system, the ignition system, the control system and test system. 137 
The FPLG during the operation process is coupled with proper control strategies. And all these 138 
sub-control-systems are integrated in the integrated electronic control unit (ECU) [8].    139 
As for the LEM subsystem, it consists of four components: the LEM, the LEM controller, the 140 
driver and the controlling software which controls the LEM working mode (the LEM runs as a motor 141 
or a generator). Based on the working principle of the LEM, during the starting process the LEM 142 
uses the PID compensation control strategy to supply a constant motor force to piston and the motor 143 
force in the same direction with piston velocity. During the intermediate process, the LEM controller 144 
control over the switching of the LEM working mode. During the generating process, the LEM 145 
supplies a resistance force to piston and the force in the opposite direction of the piston velocity, 146 
because the LEM exports electric energy to the load resistance [8].    147 
As for the ignition subsystem, this experiment platform used a high-energy ignition device 148 
controlled by a microcomputer in the ignition system. In order to eliminate the negative influences of 149 
ignition energy on the operation process of the FPLG, the ignition pulse was more than 2 ms to 150 
ensure ignition energy above 100 mJ. The principle of the ignition control system was that when the 151 
piston reached a predesigned displacement, which was at X1 (-X1) displacement from centre, the 152 
ECU sent a signal to the ignition system. The logic diagram of the ignition control program, as 153 
shown in Figure 4 illustrates.   154 
As for the fuel injection subsystem, the port fuel injection (PFI) was applied during the 155 
experiment platform. The principle of the injection control system is that when the piston reached a 156 
predesigned displacement, which was at X1 (-X1) displacement from the centre, the ECU sent a 157 
signal to the ignition system. According to the characteristics of this experiment platform, the fuel 158 
and air went through the intake and scavenging box into the gas cylinder. In order to mix the fuel and 159 
air completely, it was the optimal timing for the fuel in the left cylinder to be injected when the 160 
piston was at the ignition timing of the right cylinder, and vice versa. The logic diagram of the fuel 161 
injection control program is shown in Figure 4. The fuel injection pulse of both the left and right 162 
cylinders was the same, which measured the air mass that flew in the system at each cycle through 163 
the flow meter in the air-intake system. Open-loop control was carried out based on the theoretical 164 
air-fuel ratio of 14.7.   165 
The controlling and test system of the prototype is illustrated in Figure 5. The FPLG’s data 166 
testing system in this experiment contains a data collection card, various sensors, and data collection 167 
software based on LabVIEW software to collect accurate data in the FPLG experiment. The data 168 
collection card in the experiment is the PXI Express data collection system. In addition, the 169 
experiment used the 6052C pressure sensor to record the in-cylinder gas pressure. The sensor within 170 
the LEM can detect the displacement of a magnetic pole to calculate the displacement of piston that 171 
can obtain the velocity value through the differential method. And the resolution of the encoder is 172 
400 microns. The output signals not only can be used as the input signals of the ECU, they can also 173 
store data for further study on the dynamics of the piston and the operation characteristics of the 174 
FPLG [1, 6, 8].   175 
3. Model description and validation 176 
3.1 Model description  177 
In order to explore the performance of the FPLG during the operation process, the numerical 178 
model which is governed by the Newton’s second Law is established (as shown in Figure 6).  179 
Based on the working principle of the FPLG, the starting process of the FPLG, the LEM 180 
supplies a constant motor force to piston and the force in the same direction with piston velocity. 181 
During the generating process, the LEM supplies a resistance force to piston and the force in the 182 
opposite direction of the piston velocity. Because the constant gas pressure from the left and right 183 
scavenging pump, the joint force is zero [9]. Therefore, the dynamics equation of the piston is 184 
expressed as follows [6]:    185 
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where, m is the mass of the piston and connecting rod, x is the piston’s displacement, A is the top 187 
surface area of the piston, pL and pR represent the pressure in both the left and right cylinder 188 
respectively, Ff is the friction force, Fm is a constant motor force when the LEM runs as a motor, Fg 189 
is the a resistance force when the LEM is operated as a generator. 
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 means the direction of piston velocity.  1 x  and  2 x  are step functions.    191 
During the intermediate process,  1 x  is expressed as follows: 192 
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where, x1 is the switching position.    194 
According to our previous publications that research on the intermediate process of FPLG [6], 195 
the gradually switching strategy means the motor force of the LEM decreases gradually from 100% 196 
to 50% of its initial constant value, and then the FPLG meets the switching standards again, the 197 
motor force of the LEM declines from 50% to 0% of its initial constant value, and then to a 198 
resistance force. The immediately switching strategy means that the motor force of the LEM declines 199 
immediately from 100% to 0% of its initial value and then to a resistance force. During the 200 
intermediate process, when the “Immediately switching strategy” is applied, the Step Function 201 
 2 x  is expressed as follows: 202 
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And during the intermediate process, when the “Gradually switching strategy” is applied, the 204 
Step Function  2 x  is expressed as follows: 205 
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where, x2 is the other switching position.    207 
As our previous publications report [1], the thermodynamic equation of the in-cylinder gas 208 
pressure changes in the cylinder has already been derived as: 209 
1
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Where p is the pressure in the cylinder, γ is the ratio of specific heats, V is cylinder volume, Qc is the 211 
heat released during the combustion process, and Qh is heat transfer loss, here is described based on 212 
the Wiebe combustion heat release function [1].   213 
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Where a and b are shape factors, with the fitting value of 5 and 2 respectively [1, 6], Cd is the 215 
combustion duration with a constant value of 5ms, ts is the time at which the combustion process 216 
starts, Qin is the overall heat input for each cylinder in one running cycle, h is the coefficient of heat 217 
transfer, Acyl is area of the in-cylinder surface in contact with the gas, Tw is the average surfaces 218 
temperature of the cylinder wall. 219 
The equation of the friction force is expressed as follows:    220 
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where Cf is the viscosity friction coefficient [1, 9, 37].    222 
During the starting process when the LEM is operated as a motor, the LEM supplies a constant 223 
motor force to piston. As our previous publications report [1], the equation of the motor force is 224 
expressed as follows:     225 
m f
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where, kf is the thrust coefficient of the motor, and I is the current value in the coil of the motor.    227 
During the stable generation process, when the LEM is operated as a generator, the LEM 228 
supplies a resistance force to piston. As our previous publications reports [1], the equation of the 229 
resistance force is expressed as follows:   230 
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Where, kε is the coefficient of the electromotive force of the generator, RS is the resistance of the coil, 232 
RL is resistance of the external load, and L is the inductance of the generator.   233 
3.2 Model validation  234 
Previous investigation suggests that the FPLG was sensitive to external load changes [29-31]. 235 
Therefore, in order to explore the characteristics of the FPLG during the operation process, the FPLG 236 
was operated to work at a specific condition, and the input parameters value and external load value 237 
were constant for each cycle. The air-intake pressure was 1.2 bar, and the throttle opened at 40%. 238 
The injected fuel mass was calculated based on the tested air mass flow for each operation cycle, the 239 
fuel injection system was controlled with an open-loop strategy. And the ignition position was set 240 
27.5 mm away from the middle stroke. From the discussions above, the ignition timing, injection 241 
timing and fuel injection mass were not optimized for the best performance during the operation 242 
process [6].   243 
Based on the test system of the FPLG prototype, the piston displacement and in-cylinder gas 244 
pressure were collected for analysis and the comparison between simulation results and experiment 245 
results were demonstrated [1]. Figure 7 shows the in-cylinder gas pressure of the simulation results 246 
and the experiment results in the starting process and the generating process, respectively. It is found 247 
that the simulation result and experiment result were similar whether at the starting process or 248 
generating process. As the maximum error between the in-cylinder gas pressure values of the 249 
simulation results and the experiment results was less than 5%, indicating that the model was valid 250 
and can predict the performance of the FPLG during the operation process [1, 9]. It is also obvious 251 
that the in-cylinder peak gas pressure at the starting process was larger than that at the generating 252 
process. This is because the input energy of the FPLG during the starting process comes from the 253 
chemical energy of the combustion of mixed gas and the electric energy provided by the LEM, while 254 
the input energy of the FPLG during the generating process only comes from the chemical energy of 255 
the combustion of the mixed gas.    256 
4 Test results and discussion 257 
4.1 Piston dynamics 258 
Figure 8 illustrates the piston dynamics characteristics of the prototype during the stable 259 
generating process for one cycle, with the piston motion of the TRE compared in the same figure. It 260 
is observed that, with the same parameters, the piston motion of the FPLG was significantly different 261 
from that of the TRE [4, 9, 42]. For the FPLG, the piston decelerated during the compression stroke 262 
whereas it accelerated faster during the expansion stroke around the top dead centre (TDC) as 263 
demonstrated in Figure 8 (a). The piston movement of the FPLG shows limit-ring features during 264 
stable operation, as is demonstrated in Figure 8 (b). Compared with the TRE, the gradient of the 265 
limit-ring profile is larger during the compression and expansion strokes [9]. This is because the 266 
piston of the FPLG is not restricted by a crankshaft mechanism, its profile is determined by the 267 
forces acting on the piston, including force from the LEM, frictional force, and in-cylinder gas 268 
forces.    269 
4.2 Starting strategy of the starting process 270 
Based on the working principle of the FPLG, the starting process of the FPLG, the LEM runs as 271 
a motor. The LEM supplies a motor constant force in the same direction with piston velocity, pushing 272 
piston to reciprocate until meeting the ignition conditions (a. the effective compression ratio is above 273 
8, b. the in-cylinder peak gas pressure is above 10 bar.), according to previous paper [8]. Therefore, 274 
during the starting process, different motor force determined different starting strategies. When 275 
choosing a lower motor force during the starting process, more time is required for the engine to be 276 
ignite successfully. This is the oscillation start-up strategy. When choosing a large motor force at the 277 
starting process, the piston can reach the condition for ignition after only several circulations. 278 
Sometimes one circulation would be enough. This is one-time starting strategy.  279 
The starting process was carried out with different motor forces from 50 N to 300 N in 50 N 280 
interval. The changes of compression ratios are shown in Figure. 9. With a fixed motor force, the 281 
compression ratio showed non-linear growing trend, and after several circulations, the compression 282 
ratio was stable. When the motor force at the starting process was smaller than 100 N, no matter how 283 
many times of circulation, the engine cannot reach the compression ratio for ignition, which is 8. 284 
When the motor force at the starting process was larger than 300 N, only one circulation can meet the 285 
compression ratio for ignition (the compression ratio was 8). By comparing the compression ratio 286 
with different motor forces, it is clear that the higher motor force in the starting process, the fewer 287 
time is required to meet the compression ratio for ignition. 288 
In order to meet all the ignition conditions, apart from the compression ratio must reach 8, the 289 
in-cylinder peak gas pressure must reach 10 bar. During the starting process, it is found that the 290 
simulation results and experiment results were similar, as shown in Figure 10. The error is because 291 
the gas leakage was ignored during the simulation process. From the Figure 10, it is also found that 292 
the changing trend of the peak in-cylinder gas pressure were the same as that of the compression 293 
ratio. With a fixed motoring force, the in-cylinder peak gas pressure showed non-linear growth, and 294 
after several circulations, the in-cylinder peak gas pressure stabilized. When the motor force was 295 
smaller than 100 N at the starting process, the in-cylinder peak gas pressure cannot meet the ignition 296 
condition. When the motor force was larger than 300 N, one circulation alone can reach the 297 
in-cylinder peak gas pressure for ignition. And the larger the motor force, the sooner to meet the 298 
in-cylinder peak gas pressure for ignition.  299 
4.3 Switching strategy of the intermediate process 300 
Based on the working principle of the FPLG, once the starting process was completed, the LEM 301 
was switched to the generator mode during the intermediate process. According to previous paper [6], 302 
different switching strategies (the gradually switching strategy and the immediately switching 303 
strategy) were applied during the intermediate process. In order to compare the engine performance 304 
with different switching strategies, in this paper the weighted average of 100 tested consecutive 305 
cycles is applied [6]. 306 
Figure 11 shows the comparison of the application of gradually switching strategy with 307 
immediately switching strategy during the intermediate process based on simulation results and 308 
experimental results respectively. The simulation results and the experimental results suggest that the 309 
piston parameters, such as the TDC and the peak velocity, decline gradually when the “gradually 310 
switching strategy” is applied. While those parameters decline immediately when “immediately 311 
switching strategy” is applied during the intermediate process. And the change of gradient of the 312 
parameters value when “gradually switching strategy” is applied is smaller than that when 313 
“immediately switching strategy” is applied. This is due to the lower changing rate of the motor 314 
force for the “gradually switching strategy”. As a result, the “gradually switching strategy” is an 315 
optimal choice because it can help to achieve a smoother operation during the intermediate process 316 
[6].    317 
Moreover, after the intermediate process, it is observed that the operation parameters are the 318 
same whether the “gradually switching strategy” or the “immediately switching strategy” are applied. 319 
And it is found that the values of operation parameters after the intermediate process were lower than 320 
those before the intermediate process. This is because that the input energy before the intermediate 321 
process the FPLG is larger than that after the intermediate process.    322 
4.4 Engine performance of the generating process 323 
Based on the working principle of the FPLG, the generating process of the FPLG, the LEM runs 324 
as a generator. The data in Figure 12 shows the tested in-cylinder gas pressure. It was found that the 325 
in-cylinder gas peak pressure for each operation cycle fluctuates between 42 bar and 50 bar randomly. 326 
It means that the mixed gas in the cylinder combusted in every cycle according as cylinder pressure 327 
without combustion was reported to be less than 20 bar in our previous paper [40], thus the designed 328 
FPLG can operates continuously without any misfire during the generating process. And the data in 329 
Figure 13 indicates that the FPLG is operating in the generating process too, because the TDC of the 330 
piston of FPLG misfires within the cylinder is much smaller than them of FPLG during the stable 331 
generating process based on our previous analysis [8]. The FPLG is operating stably during the 332 
generating process, but there are cycle-to-cycle variations. According to the previous research on the 333 
FPLG working principle, the piston motion is not limited by mechanism, and peak in-cylinder gas 334 
pressure for each operation cycle fluctuates randomly, thus the piston TDC differs for each cycle, as 335 
shown in Figure 13. From what we have discussed above, the TDC of the piston and in-cylinder gas 336 
pressure fluctuated in every cycle, but it is observed that the FPLG could continue to operate in 337 
stable generating process.    338 
The piston velocity-displacement profile is shown in Figure 14. The piston 339 
velocity-displacement ring state shows that the non-linear fluctuation is stable, and the input energy 340 
and consumption energy of the system remain in a dynamic balance, based on energy conservation 341 
law. As for the FPLG, the piston velocity-displacement ring suggests the stable cycle and the 342 
dynamic balance in the energy when the FPLG is operating during the stable generating process [36]. 343 
In addition, the piston velocity prior to the TDC is different from that after the TDC, as the piston 344 
velocity after TDC is larger than the one before TDC. Thus, the fluctuations in the piston velocity 345 
before and after the TDC show the difference in the compression and expansion processes of the 346 
FPLG. The piston velocity-displacement cycle is in a central symmetry state when the velocity is 347 
zero and the piston is in the middle stroke, and the velocity changing trend around TDC on both 348 
sides is similar.    349 
Due to the special mechanical configuration of FPLG, the piston TDC, velocity, and in-cylinder 350 
gas pressure fluctuated when cycle-to-cycle combustion variations occurred. In order to compare the 351 
engine performance, in this paper the weighted average of 100 tested consecutive cycles is applied 352 
[6]. According to the experimental results, the operation frequency of the FPLG is 24.1 Hz during the 353 
stable generating process. In order to research the engine performance of FPLG from experiment, we 354 
managed the synchronous acquisition of the piston displacement and in-cylinder gas pressure data. 355 
The data regarding the partial displacement and in-cylinder gas pressure was demonstrated in Figure 356 
15. Because the experiment was subjected to potential disturbance from various factors, the accuracy 357 
of the test in-cylinder gas pressure data was affected, which will then influence the further 358 
calculations. Therefore, a filter was used. The engine pressure-volume diagram is shown in Figure 359 
16.    360 
The engine performance is then calculated based on the experimental results when the FPLG 361 
was in stable operation, in order to further analyze the energy conversion efficiency of the whole 362 
system.    363 
(1) Indicated work  364 
The engine indicated work in one operation cycle is the useful work of the working medium in 365 
the cylinder of one working cycle of the FPLG to the piston. The data can be acquired using the 366 
pressure volume diagram shown in Figure 16, and the indicated work can be given by:   367 
 dxApW                                                                   (9) 368 
Where W is the indicated work of a cylinder.    369 
(2) Mean effective pressure 370 
The indicated mean effective pressure refers to the indicated work of one cycle divided by the 371 
cylinder working volume.   372 
m e a n
s
W
p
V
                                                                      (10) 373 
Where pmean is the indicated mean effective pressure of a cylinder, Vs is the working volume in 374 
cylinder.   
 
375 
(3) Indicated power  376 
According to the calculation formula of indicated power, the indicated power of the FPLG can be 377 
calculated by:    378 
2P W f                                                                     (11) 379 
Where P is the indicated power of the FPLG, f is operation frequency of the FPLG. 380 
(4) Indicated thermal efficiency  381 
According to the definition of indicated thermal efficiency, it can be obtained by:    382 
fu e l
W
Q
                                                                        (12) 383 
Where η is the indicated thermal efficiency of engine, Qfuel is input heat from fuel in one cycle. 384 
The engine performance of the FPLG prototype based on experimental results was calculated 385 
and shown in Table 2.
 
386 
4.5 FPLG performance analysis during each operation process  387 
According to the introduction above, the working process of the FPLG consists of three 388 
processes: the starting process including two stages, the intermediate process from engine cold 389 
start-up to stable operation, and the generating process. But the performances of the FPLG were 390 
difference when compared to the FPLG operated in the stable generating process and the starting 391 
process including two stages, which the LEM ran as a motor. In order to compare the piston 392 
dynamics for different operation process, the average piston velocity-displacement profile of 100 393 
tested cycles is drawn and shown in Figure 17.    394 
It was found that the piston TDC, peak piston velocity and operation frequency of the FPLG 395 
during the generating process were smaller than those when operated during the second stage of the 396 
starting process, while much higher than those during the first stage of the starting process. The 397 
changing rate of piston velocity in both compression stroke and expansion stroke during the 398 
generating process is lower that during the second stage of the starting process. Because the FPLG 399 
operated at the second stage of the staring process, the LEM run as a motor supplies constant motor 400 
force to the piston, thus the input energy of the FPLG comes from both the chemical energy of the 401 
fuel and the electric energy provided by the LEM. While during the generating process, the input 402 
energy of the FPLG only comes from the chemical energy of the fuel. And during the first stage of 403 
the staring process without combustion, the input energy of the FPLG only comes from the LEM, 404 
without any contribution from the chemical energy.    405 
The tested pressure volume diagram of the designed FPLG prototype in different process is 406 
shown in Figure 18, and the engine performance of the prototype is shown in table 3. As combustion 407 
does not take place on the first stage of the starting process, the pressure volume profile is not 408 
included in Figure 18.     409 
5 Conclusions 410 
This paper presents an investigation of the operation characteristics of FPLG from the starting 411 
process to the generating process. The simulation results show a good agreement with the prototype 412 
experimental results for each operation process. As for the operation characteristics of FPLG, the 413 
conclusions are listed below:   414 
(1) During the starting process, with a fixed motor force, the compression ratio and the in-cylinder 415 
peak gas pressure showed non-linear growing trend respectively. After several operation cycles, 416 
the compression and the in-cylinder peak gas pressure became stable respectively. When the 417 
motor force was smaller than 100 N, the engine cannot be ignited despite the operation duration. 418 
When the motor force was higher than 100 N, the FPLG could employ the oscillation start-up 419 
strategy to ensure the success initiation of the engine. When the motor force reached 300 N, the 420 
FPLG could apply the one-time starting strategy. It is found that the higher motor force was used 421 
during the starting process, the fewer operation cycles were required to meet ignition condition.    422 
(2) During the intermediate process, the “gradually switching strategy” could help achieve a 423 
smoother operation because the piston parameters (piston TDC, peak piston velocity and 424 
in-cylinder peak gas pressure) declined gradually when it was applied. Moreover, after the 425 
intermediate process, it was observed that the operation parameters were the same whether the 426 
different switching strategies were applied. But the values of the operation parameters after the 427 
intermediate process were lower than those before the intermediate process whether the 428 
“gradually switching strategy” or the “immediately switching strategy” was applied.    429 
(3) During the generating process, Cycle-to-cycle variations were observed in piston TDC and 430 
in-cylinder gas pressure. The piston displacement was similar with a sinusoidal wave. Compared 431 
with the TRE, the piston of the FPLG decelerated during the compression stroke whereas it 432 
accelerated faster during the expansion stroke around the TDC, and the piston stayed less time 433 
near the TDC. 434 
(4) The experimental results showed that the operation frequency was 24.1 Hz. The indicated work 435 
of for one cylinder was 60.7 J, the indicated mean effective pressure was 31.1 bar, the engine 436 
indicated power was 2.9 kW, and the indicated thermal efficiency was 37.3%. The piston 437 
parameters and operation frequency of the FPLG during the generating process were smaller than 438 
those when operated during the second stage of the starting process, while much higher than 439 
those during the first stage of the starting process.     440 
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 578 
Nomenclature 579 
FPLG 
FPE 
Free piston linear generator 
 
 
 
Free-piston engine 
FPEC Free-piston energy convertor  
FPE Free-piston engine 
TRE Traditional reciprocating engine 
LEM Linear electric machine 
HCCI Homogeneous charge compression ignition 
TDC Top dead center 
ECU Integrated electronic control unit 
 PFI Port fuel injection 
Ff Friction force (N) 
Fm Motor force when the LEM runs as a motor (N) 
Fg Resistance force when the LEM runs as a generator (N) 
 1 x  Step Function 
 2 x  Step Function 
m Moving mass of the piston and connecting rod (kg) 
x Piston displacement (mm) 
x1 Switching position (mm) 
 x2 Switching position (mm) 
 A Top surface area of the piston 
p In-cylinder gas pressure (bar) 
pL Pressure in the left cylinder (bar) 
pR Pressure in the right cylinder (bar) 
 γ Ratio of specific heats (-) 
V Cylinder volume (m3) 
Qh Heat transfer loss (J)  
Qc Heat released from the combustion process (J) 
a 5 
b 2 
Cd Combustion duration (5ms) 
ts The time at which the combustion process starts (J) 
Qin The overall heat input for each cylinder in one running cycle (J) 
h The coefficient of heat transfer 
Acyl The area of the in-cylinder surface in contact with the gas (m
2) 
Tw The average surfaces temperature of the cylinder wall (K) 
Cf Viscosity friction coefficient (-) 
kf Thrust coefficient of the motor (N/A) 
I Current value in the starter coil of the motor (A) 
kε Coefficient of the counter electromotive force of the generator (V/m/s) 
RS Coil resistance (Ω) 
RL External load resistance (Ω) 
L Inductance of the generator (H) 
W Indicated work of a cylinder (J) 
Pmean Indicated mean effective pressure of a cylinder 
P Indicated power of the FPLG 
f Operation frequency of the FPLG 
η Indicated thermal efficiency of engine 
Qfuel Input heat from fuel in one cycle 
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 587 
 588 
 589 
 590 
                                                               591 
1. Spark plug; 2. Piston; 3. Cylinder; 4. Fuel injector; 5. External Load; 6. Air-intake tube; 7. Scavenging port; 8. Exhaust 592 
port; 9. Stator; 10. Connecting rod    593 
Figure 1. The prototype structure of the FPLG    594 
 595 
 596 
 597 
    1. The cylinder; 2. The LEM; 3.Air-intake system; 4. Fuel injection system; 5. Scavenging box; 6. Ignition system    598 
Figure 2. The physical prototype of the FPLG    599 
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Figure 3. Operation processes of the FPLG 605 
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Figure 4. The logic diagram of the ignition control program and the fuel injection control program    611 
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Figure 5. Controlling system and test system of the FPLG prototype     618 
 619 
 620 
 621 
 622 
Figure 6. Forces acting on the pistons of the FPLG 623 
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Figure 7. Comparison of experimental results and model results during the different process 630 
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(a) Piston displacement profile                   (b) Piston velocity-displacement profile 633 
Figure 8. Comparison of piston dynamic characteristics of the FPDLG and the traditional reciprocating engine 634 
 635 
0 2 4 6 8 10 12 14
0
2
4
6
8
10
12
14
16
 
 
C
o
m
p
re
ss
io
n
 r
at
io
 
Cycle number
 50N
 100N
 150N
 200N
 250N
 300N
 636 
Figure 9. Compression ratio with different motor force 637 
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Figure 10. Peak in-cylinder gas pressure with different motor force from simulation results and test results 639 
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(a) Piston position profile of the FPLG (Simulation results)  (b) Piston velocity profile of the FPLG (Simulation results) 643 
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(a) Piston TDC of the FPLG (Experimental results)        (b) Piston peak velocity of the FPLG (Experimental results) 645 
Figure 11. Comparison with different switching strategies during the intermediate process from simulation results 646 
and experimental results 647 
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Figure 12. In-cylinder gas pressure for several cycles from experimental results 652 
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Figure 13. Piston TDC for several cycles from experimental results 654 
-40 -20 0 20 40
-6
-4
-2
0
2
4
6
 
 
V
el
o
ci
ty
 (
m
/s
)
Displacement (mm)
 655 
Figure 14. Velocity-displacement profile from experimental results 656 
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Figure 15. Partial in-cylinder gas pressure and displacement profile from experimental results    659 
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Figure 16. The pressure volume diagram of the designed FPLG prototype from experimental results 661 
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Figure 17. Comparison of velocity-displacement profile of FPLG operated in different process from experimental results    664 
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Figure 18. Comparison of the pressure volume diagram of FPLG operated in different process from experimental results     666 
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Table 1 Main parameters of the prototype 680 
Parameters  Values 
Bore (mm) 52.5 
Effective stroke (mm) 34.0 
Total stroke (mm) 68.0 
Air-intake pressure (bar) 1.2 
Piston and connecting rod mass (kg) 5.0 
Thrust force constant (N/A) 74.4 
Coil resistance (Ω) 14.0 
External load resistance (Ω) 28.0 
 681 
Table 2 The FPLG performance parameters from experimental results  682 
Parameters Value 
Frequency of the FPLG (Hz) 24.1 
Peak piston velocity (m/s)  4.5 
Indicated work of a cylinder (J) 60.7 
Mean indicated pressure of a cylinder (bar) 31.1 
Indicated power of the FPLG (kW) 2.9 
Indicated thermal efficiency of engine 37.3 % 
 683 
Table 3 Comparison of the engine performance in different operation processes from experimental results   684 
Engine performance The second stage of starting process Generating process 
Frequency of the FPLG (Hz) 25.2 24.1 
Peak piston velocity (m/s) 4.9 4.5 
Indicated work of a cylinder (J) 65.6 60.7 
Indicated power of the FPLG (kW) 3.3 2.9 
Indicated thermal efficiency of engine 42.4% 37.3 % 
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